Aims: Monitors of transdermal alcohol concentration (TAC) provide an objective measurement of alcohol consumption that is less invasive than measurements in blood, breath or urine; however, there is a substantial time delay in the onset of TAC compared to blood or breath alcohol concentrations (BrACs). The current study examined the characteristics of the delay between peak TAC and peak BrAC. Methods: Data was aggregated from three experimental laboratory studies (N = 61; 32 men, 29 women) in which participants wore a TAC monitor and BrAC was monitored while drinking one, two, three, four and five beers in the laboratory. Analyses examined the sex-and dose-related differences in peak BrAC and TAC, the time-to-peak BrAC and TAC, and time lag between the peak BrAC and TAC values. Results: The times-to-peak were an increasing function of the number of beers consumed. At each level of beer consumption the peak TAC averaged lower than peak BrAC and times-to-peak TAC were longer than for BrAC. The time-to-peak BrAC and TAC was longer for women than men. The congruence between peak TAC and BrAC increased as a function of the beers consumed. No sex difference in the time lag between peak BrAC and TAC was detected. Conclusions: The congruence between TAC and BrAC and time lags between TAC and BrAC are related to the number of beers consumed. Peak values of TAC and BrAC became more congruent with higher doses but the time lag increased as a function of the amount of alcohol consumed. Short summary: The time delay (or lag) and congruence between transdermal vs. BrACs increases as the number of beers increases. Though sex differences are evident in peak transdermal and BrACs, no sex differences were evident in the time lag and the congruence between transdermal and breath alcohol concentrations.
INTRODUCTION
Objective means of monitoring alcohol consumption are useful in clinical research, therapeutic and judicial settings. Traditionally, objective measures of alcohol consumption have relied on blood, breath or urine measurements of biomarkers, which are either not specific for alcohol use, limited in their window of detection, or require frequent visits to obtain samples. Wearable devices for electronic monitoring of transdermal alcohol concentrations (TACs) allow for less obtrusive, objective and frequent measurements of alcohol consumption. TAC readings are a measurement of the small amount of ethanol that is excreted through sweat (Swift, 2000) . The most commonly used transdermal alcohol monitor is the Secure Continuous Remote Alcohol Monitor (SCRAM) produced by Alcohol Monitoring Systems (AMS) Inc. (Highlands Ranch, CO). The SCRAM monitor records TAC every 30 min, 24 h/d, 7 days a week and used as an estimate of blood alcohol concentrations (BACs) (Swift et al., 1992; Sakai et al., 2006; Dougherty et al., 2012) . The SCRAM has been widely adopted in judicial settings for monitoring drinking in driving while intoxicated offenders (Voas et al., 2011) and more recently has been increasingly used within clinical research (Barnett et al., 2011; Dougherty et al., 2014 Dougherty et al., , 2015a .
In controlled laboratory alcohol drinking studies where men and women consumed equal amounts of beer, we previously reported alcohol dose-related effects in peak BrAC and TAC (Dougherty et al., 2012; Hill-Kapturczak et al., 2014; Dougherty et al., 2015b; Hill-Kapturczak et al., 2015) . Using this information, we developed an equation to estimate BrAC from TAC to quantify drinking levels from TAC data. Those studies demonstrated that sex, time-to-peak TAC and peak TAC are important factors influencing estimation of BrAC. Other investigators McKnight, 2007, 2009) have suggested that TAC levels underestimate BAC levels to a greater extent in women than in men. In one of our studies , we observed significant sex differences in BrAC but not in TAC, evidence that there may be sex differences in the BrAC to TAC relationship. However, additional research is required to more precisely define the role of sex and other pharmacokinetic variables such as peak and time-to-peak to modulate the relationship between BrAC and TAC.
One of the major issues in using TAC levels to estimate BrAC or BAC levels is the time delay, or 'time lag', in the time-to-peak TAC relative to the time-to-peak BrAC or BAC levels (Anderson and Hlastala, 2006; Marques and McKnight, 2009 ). However, a wide range of time lags have been reported and range from 1 to 2 h (Marques and McKnight, 2009) , an average of 1 h and 27 min (Swift et al., 1992) , 2-3 h (Sakai et al., 2006) , an average of 2 h and 9 min , and as great as 4.5 h (Marques and McKnight, 2007) . This variation in estimates of the time lag could be due to a number of different variables related to sex, dose or other procedural variables in addition to the fact that several of the early studies (Sakai et al., 2006; McKnight, 2007, 2009 ) used an older version of the SCRAM monitor with some known issues such as water getting into the monitor. Furthermore, the sex and dose relationship of important pharmacokinetic parameters such as peak and time to peak are well known for BrAC or BAC levels, but are less well-characterized for TAC or the TAC-toBrAC relationships. Thus, further research is required to characterize how these TAC-to-BrAC relationships may vary as a function of dose and sex.
The current study pooled the results of three studies to better characterize the relationships between peak BrAC and peak TAC with respect to their magnitude and relative times by examining characteristics of the curves in terms of the number of drinks consumed. Data were from three controlled laboratory studies where participants consumed one, two, three, four and five beers on separate days under slightly different conditions (previously published in Dougherty et al., 2012; Hill-Kapturczak et al., 2014; Dougherty et al., 2015b; HillKapturczak et al., 2015; Roache et al., 2015) . These data were used to model the BrAC and TAC time-course curves and to examine characteristics of the time-course curves such as sex and dose differences in the peak and times to peak.
METHOD

Participants
Data (n = 61) for this analysis came from three studies (Study 1 (11 women, 10 men), Study 2 (10 women, 11 men), Study 3 (8 women, 11 men)), in which one, two, three, four and five beers were consumed under controlled laboratory conditions as previously described (Dougherty et al., 2012; Hill-Kapturczak et al., 2014; Dougherty et al., 2015b; Hill-Kapturczak et al., 2015) . Participants for these studies were recruited through community advertisements seeking healthy men and women aged 21-47 years who regularly consume alcohol. Participants self-reported at least one heavy drinking episode (i.e. five standard drinks) in the past month. Participants were excluded for: a body mass index < 18 or > 30 kg/m 2 , DSM-IV diagnosis other than alcohol abuse, pregnancy, a current medical condition, or a positive urine-drug test for drugs of abuse. The University institutional review board reviewed and approved the studies and participants provided informed consent.
Study designs
Participants fasted after midnight and provided negative drug and pregnancy urine tests on each study day for five days (mostly Monday-Friday). Breath alcohol samples ensured sobriety at the start of each study day and participants were given a meal at approximately 6 h post-alcohol consumption.
Alcohol administration
On five separate study days, men consumed one, two, three, four and five 12 oz Corona beers (Grupo Modelo S.A.B. de C.V., Mexico City, Mexico), equivalent to 0.92 standard units each (NIAAA, 2010) , in all three studies. In Studies 1 and 2, the drinking rate was controlled by giving one beer every 24 min, but in Study 3, participants could drink at their own pace over a 3 h period, as long as the beers for that day (e.g. four beers on a 4-beer day) were consumed in 3 h (time to complete all five beers ranged from 47 to 166 min, with a 3-fold range in drinking rates observed among men and women, though drinking patterns were similar for men and women; see HillKapturczak et al., 2014 for more details regarding pace of drinking).
To control for sex-related differences in alcohol metabolism, in Study 1, women consumed only one, two, three, and four beers at the rate of one beer every 30 min (up to four beers); in Studies 2 and 3, women and men were treated the same. All beers were consumed in the morning, usually beginning at 9:00 am, and participants consumed the beers in a temperature-controlled room while mostly sitting, with freedom to move around within the laboratory.
Transdermal alcohol monitoring
TACs were automatically recorded by the SCRAM device approximately every 30 min. The TAC data were analysed as follows: (a) the curve-fitted time-course of rising and falling TAC levels; (b) peak TAC, the highest recorded TAC value per drinking episode; and (c) time-to-peak TAC, the time in minutes to peak TAC since beginning drinking.
Breath alcohol concentrations A portable breathalyzer (Dräger Alcotest 6810, Irving, TX) was used to measure breath alcohol concentrations (BrACs) expressed as percent blood alcohol concentrations (% BAC). BrACs were measured every 15 min after drinking began for the first 2 h and every 30 min thereafter for the next 4 h. Participants were allowed to leave the laboratory after their BrAC readings were ≤0.02% BAC postalcohol consumption. The BrAC data were analysed as follows: (a) curve-fitted time-course of rising and falling BrAC levels; (b) peak BrAC, the highest recorded BrAC value per drinking episode; and (c) time-to-peak BrAC, the time in minutes to peak BrAC since beginning drinking.
Data analysis
TAC data are auto-sampled by the SCRAM transdermal alcohol monitors at approximately 30 min intervals, but it is not always exactly 30 min and the time of start of drinking was not exactly aligned with the approximate 30 min intervals. These facts coupled with individual differences in the absorption and elimination timecourses for positive TAC and BrAC measures required the use of a generalized additive models (GAMs) approach to produce overall smoothed curves of TAC or BrAC as curve-fitted functions of time based on penalized regression splines (Wood, 2003 (Wood, , 2006 . The R (version 3.1.1) package mgcv was used to fit the GAM models and plot the overall smoothed curves. However, for inferential analyses of the observed data, a data reduction approach derived several key pharmacokinetic parameters of the time-course curves: peak TAC, peak BrAC, time-to-peak TAC and time-to-peak BrAC. Additionally, the time lag and the peak TAC-to-BrAC ratio of the observed data was used to further examine the parameters of the time-course curves. The 'time lag' between the peak TAC and BrAC levels was defined as the difference (delay) in time between the time-to-peak TAC minus the time-to-peak BrAC. The peak TAC-to-BrAC ratio was the ratio of the peak TAC level compared to the peak BrAC level. There were 24 observations after one beer and three observations after two beers that had TAC levels of zero and were consequently removed from analyses of timeto-peak TAC and time lag.
Mixed effect models with unstructured variance-covariance structure were used to examine the main effects and interactions of sex and the number of beers consumed on peak TAC, peak BrAC, time-to-peak TAC and time-to-peak BrAC. Due to the known individual differences and sex differences in the relationship between the number of beers consumed and actual BrAC levels achieved, we also used the peak BrAC value as a measure of alcohol exposure in mixed effect models. Those results were similar to the mixed effect models results using the number of beers consumed so only analyses using beers consumed are reported herein.
Because drinking rates varied somewhat between the three studies, we examined how our general findings might differ betweenstudies by examining each study separately. The model-based least squares mean sex differences (corrected for multiple comparisons) and corresponding 95% confidence intervals at each level of beer consumption were used to estimate effect size for time lag and the peak TAC-to-peak BrAC ratios for the combined sample as well as for each study separately. In addition, we conducted analyses with 'study' as a co-varying variable in the aggregated data. However, because these results did not differ from the presented results, we did not report them here to reduce the abundance of results. All analyses were conducted using Stata/SE version 13.
RESULTS
Participants
Of the 61 participants, 32 were men and 29 were women with an average age of 27.72 years (range: 21-47). The sample was 61.5% Hispanic white, and 38.5% non-Hispanic white, consistent with demographics in San Antonio, TX. On average, participants reported drinking 19.1 drinks per week, with participants in Study 2 (M = 26.8) reporting more drinks per week than those in Study 1 (M = 12.7) or Study 3 (M = 17.5). There were no other differences between the three studies in participant demographic characteristics (Dougherty et al., 2012; Hill-Kapturczak et al., 2014; Dougherty et al., 2015b; Hill-Kapturczak et al., 2015 for further demographic characteristics).
Time-course of TAC and BrAC Figure 1 displays the curve-fitted TAC and BrAC time-course functions for men and women consuming one to five beers. Clearly visible in these curves is the fact that the peak levels, time to peak and the duration of time course of TAC and BrAC each were an increasing function of the number of beers consumed. There also were tendencies for TAC to show lower peaks, with longer times to peak and longer duration than the comparable BrAC levels. Generally, the peaks (both TAC and BrAC) are higher in women than in men. These observations are statistically examined in detail below using the observed data.
Peak BrAC and peak TAC Both peak TAC and peak BrAC levels increased as an orderly effect of the number of beers consumed (Table 1) . Overall, women had higher peak BrACs and peak TACs than men. Both peak BrAC and TAC were significantly related to the number of beers consumed. There also was a significant interaction between sex and the number of beers consumed for peak BrAC and a marginal one for peak TAC, reflecting a growing sex difference with increasing number of beers consumed.
Differences related to study. An analysis of each study individually showed that both peak TAC and BrAC increased significantly with the number of beers consumed (Table 1 ). In addition, sex differences were identified in peak BrAC in all studies, such that women had higher peak BrAC levels than men. However, for peak TAC, women had significantly higher peak TACs only in Study 3 where drinking rates were uncontrolled and subjects were free to drink at a pace comfortable to them. Figure 2A and B shows the times-to-peak BrAC and TAC, respectively, as a function of beers consumed for each of the sexes. Clearly, the times-to-peak TAC were much greater than the times-to-peak BrAC for both men and women at each level of beer consumed. As expected, times to peak increased as a significant function of beers consumed for both BrAC and TAC (Table 1) . There was a significant tendency for time-to-peak BrAC and time-to-peak TAC to be longer for women than men. No significant interaction between sex and the number of beers consumed was detected for either measure.
Time-to-peak BrAC and peak TAC
Differences related to study. In an analysis of each study individually, the times-to-peak TAC and times-to-peak BrAC increased significantly with the number of beers consumed (see Table 1 ). Additionally, significant sex differences were identified in the timeto-peak TAC in Study 2 and moderate sex differences were Table 1 . Mixed effects models to examine the effects and interactions of sex and the numbers of beers consumed on the peak TAC, peak BrAC, time-to-peak TAC, time-to-peak BrAC, TAC-to-BrAC ratio and time lag in combined data and Studies 1, 2 and 3 individually identified in time-to-peak BrAC in Study 3, such that women had longer times-to-peak TAC and BrAC than men. Figure 3 presents the time lags separately for women (Fig. 3A) and men ( Fig. 3B ) expressed as a function of the number of beers consumed. The time lag between the times-to-peak TAC and the timesto-peak BrAC was a significant positive function of the numbers of beers consumed (Table 1 ). The time lag between the times-to-peak TAC and the times-to-peak BrAC averaged (in minutes; M (SD)) for one to five beers, respectively, as follows: 82.5 (41.2), 119.8 (46.0), 131.2 (56.6), 153.6 (71.0) and 162.0 (60.7). There was no significant sex difference in average time lag at the various numbers of beers consumed. The magnitude of the sex difference in average time lag (men relative to women) is very small for each beer consumed (see Table S1 for the model-based least squares mean estimates of differences). Differences related to study. The time lag was significantly related to the number of beers consumed in Studies 2 and 3, but only marginally so in Study 1 (Table S2) . Study 1 differed from the other studies by slowing the rate of consumption for women as compared to men, and by reducing the range of alcohol consumed (i.e. women did not consume five beers in this study). As with the overall analysis, there were no main effects of sex or interactions with beers consumed observed within any one study alone. The magnitude of the sex difference in average time lag (men relative to women) is very small for each beer consumed within each study (Table S2) . Figure 4 shows that the peak TAC-to-peak BrAC ratios of men and women increased as a function of the number of beers consumed. Importantly, peak TAC substantially underestimated peak BrAC at lower numbers of beers consumed, and less underestimated peak BrAC (i.e. the peak TAC-to-BrAC ratio was < 1) at the one beer but approached unity (i.e. ratio = 1) as the number of beers consumed increased. For the peak TAC-to-BrAC ratio measure, there was no difference in sex on the slope of the relationship between the number of beers consumed and the peak TAC-to-peak BrAC ratio. Model-based least squares mean estimates of sex differences in the peak TAC-topeak BrAC ratio showed that the magnitude of the sex differences (men relative to women) in average peak TAC-to-peak BrAC ratio at each beer consumed were very small, and not significant (Table S1) .
Time lag
Peak TAC-to-BrAC ratio
Differences related to study. Each of the studies individually, also showed that peak TAC-to-BrAC ratios increased as a function of the number of beers consumed. In addition, there were no sex differences in the peak TAC-to-peak BrAC ratios by the beers consumed, and the magnitude of the sex differences (men relative to women) were very small (Table S2) . 
DISCUSSION
The purpose of the present study was to use a comprehensive set of laboratory-controlled drinking data to better characterize the relationships between peak BrAC and peak TAC and examine how these parameters vary as a function of the number of drinks consumed. We found amount consumed-related increases in the peak TAC and peak BrAC levels and found that peak TAC underestimated peak BrAC at lower levels of beers consumed but approached unity at higher levels beers consumed. We also found that the peak TAC-level lagged in time behind the time-to-peak BrAC-level and that this time lag increased with more beers consumed. These findings, for the most part, were replicated in each study separately, suggesting that minor differences in drinking rate across the three studies did not affect the basic findings of increasing time lag with increased number of beers consumed. Importantly, this study replicated the well-known sex differences in BrAC levels and demonstrated the same sex differences in TAC levels overall. There were no sex differences evident in the time lag between TAC and BrAC peaks and the peak TAC-to-peak BrAC ratios.
The pharmacokinetics of blood alcohol are well known (Matsumoto and Fukui, 2002) and BrAC follows those same trends (Martin et al., 1984) . The sex differences in blood alcohol and BrAC are due to differences in the distribution of alcohol throughout the body in men and women. For example, men have the tendency to have less body fat and more body water than women (Graham et al., 1998) and women tend to have lower gastric alcohol dehydrogenase activity (Baraona et al., 2001) . Though the individual reports of our laboratory have observed that women had significantly higher BrACs than men , our results on sex differences in peak TAC levels have been inconsistent (Dougherty et al., 2012; Hill-Kapturczak et al., 2014 . Furthermore, Marques and McKnight (2007) have observed tendencies for women to have higher TAC relative to BAC values than men. With the larger sample size of this combined analysis we now can more confidently state that the well-known sex differences in BrAC levels are also reflected in higher peak TAC values for women as compared to men when drinking rates are uncontrolled (Study 3) or women drink at the same rate as men (Study 2) .
Understanding the parameters of peak TAC-level to peak BrAClevel ratios are important to the usefulness of TAC as an estimator of BrAC and BAC levels. The current finding that peak TAC levels underestimate peak BrAC at lower levels of beer consumption but approach unity at higher levels of beer consumption more fully characterizes the limitations of TAC to detect low-level drinking. Previously, we demonstrated in these same data only 62.5% of men and 58.6% of women exhibited any positive TAC readings after drinking only one beer, though they had positive BrACs, and the sensitivity for TAC increased with the amount consumed. The current finding that the peak TAC-to-peak BrAC ratios approach unity at higher levels of beer consumption informs us that TAC levels more accurately estimate BrAC at higher levels of consumption (Dougherty et al., 2012; Hill-Kapturczak et al., 2014 . Both Luczak and Rosen (2014) , who developed an equation for estimating BrAC using TAC data, and Gabler (2007, 2008) , who examined blood and skin ethanol concentrations, each note that it may be difficult to equate TAC to realtime BAC without information about the amount of alcohol consumed. The current study provides additional information regarding the time delays in peak TAC vs. peak BrAC, which should inform and may potentially improve equations for estimating peak BrAC or BAC using TAC data.
In the original report of Study 2 (Hill-Kapturczak et al., 2015) we suggested that there may be a sex difference in the peak TAC-topeak BrAC ratio. Though there was no detectable sex-related trend in the current study, previous research has identified sex differences in the peak TAC readings relative to the peak BrAC readings. For example, Marques and McKnight (2009) suggested that drinking was less easily detected among women than men. However, the current study and our previous studies suggest that alcohol is more likely to be detected in women by TAC when they drink at comparable levels to men.
The current study is the first to systematically investigate the time lag in time-to-peak TAC relative to the time-to-peak BrAC. In the current study, our time lags were linearly related to the amount consumed, ranging from 82 min after one beer to 162 min after five beers, on average, with an overall average time lag of 132 min. Previous research has observed time differences in time-to-peak TAC vs. time-to-peak BrAC ranging from 1 h (Marques and McKnight, 2009 ) to greater than 4.5 h (Marques and McKnight, 2007) . We do not know for certain if the time lags would continue increasing with higher amounts of alcohol consumed; however, it is notable that the longest time lag of 4.5 h reported in the literature (Marques and McKnight, 2007) occurred after 31 men and women consumed only 0.64 g/kg (men) and 0.56 g/kg (women) in 30 min, resulting in BACs ≥ 0.08 g/dL.
We only detected a sex difference in the time lag between BrAC and TAC in Study 2 where men and women consumed the same amount of beers at the same rate. To our knowledge, Webster and Gabler (2008) is the only other study to specifically examine the time lag in TAC vs. BrAC. In that study, the BAC curve of one male participant was coupled to a skin diffusion model to simulate TAC and BrAC curves for varying amounts of alcohol consumed. Based upon simulated data, they concluded that sex did not affect the time lag of transdermal alcohol monitoring, consistent with the current study. However, this study was limited in that the data was simulated from one male participant, and all simulations used the same metabolic rate, stomach emptying and skin diffusion coefficient, which are all known to affect the rate of alcohol metabolism (Graham et al., 1998; Baraona et al., 2001) . Fig. 4 . Peak TAC-to-peak BrAC ratios of men and women as a function of the number of beers consumed. The average peak TAC-to-BrAC ratio of women and men as a function of the number of beers consumed. All observations are present including n = 27 participants who had peak TAC = 0 after drinking one or two beers.
